A DFT study is presented, regarding the energetics and the Mulliken population analyses of a QM/MM system including multiple iron-sulfur clusters in the QM region. The [FeFe]-hydrogenase from Desulfovibrio desulfuricans was studied, and both the active site (an Fe 6 S 6 assembly generally referred to as the H-cluster) and an ancillary Fe 4 S 4 site were treated at the BP86-RI/TZVP level. The antiferromagnetic coupling that characterize both sites was modeled using the broken-symmetry (BS) approach. For such a QM system, 36 different BS couplings can be defined, depending on the localization of spin excess on the various spin centers. All the BS states were obtained by means of an effective and simple method for spin localization that is here described, and compared with more sophisticated approaches already available in literature. The variation of the QM/MM energy among the various geometry-optimized protein models was found to be less than 25 kJ mol -1 . This energy variation almost doubles if no geometry optimization is performed. A detailed analysis of the additive nature of these variations in QM/MM energy is reported. The
Introduction
Antiferromagnetic pairing of spin centers is a common feature in many inorganic systems, both in the context of material science, and in organometallic systems, including bioinorganic species like metalloproteins featuring iron-sulfur clusters. In fact, iron-sulfur assemblies have been selected along evolution, in order to function as mediators of electron transfer in redox metabolism. Moreover, they can be directly involved in enzymatic catalysis. 1, 2 Among the various forms of Fe-S complexes found in metalloproteins, the tetranuclear Fe 4 S 4 assemblies represent one of the most common cases (see Scheme 1). Notably, the wavefunction in antiferromagnetically coupled Fe 4 S 4 clusters has a multideterminantal nature.
In the context of the single-determinant density functional theory (DFT) approach, such coupling can be modeled by means of the broken-symmetry (BS) scheme, in which either alpha or beta spin excess is localized on the different spin centers composing the system. The resulting unrestricted wavefunction corresponds to a linear combination of pure spin states, as shown by Noodleman.
5,6
The BS approach has been shown to successfully describe key properties in antiferromagnetically coupled molecular systems. [7] [8] [9] In particular, Torres et al. have shown that the BS approach is useful for the computation of reliable reduction potential values in Fe 4 S 4 clusters. 10 Such results proved seminal for subsequent studies by Bruschi and coworkers, 11, 12 who have employed the BS approach to investigate the occurrence of protonation-coupled intramolecular electron transfers in Fe-S complexes. 12 By means of a detailed analysis of Mulliken spin populations and atomic charges, the latter authors were able to show that the active site of [FeFe]-hydrogenases -an Fe 6 S 6 cluster composed by two covalently linked Fe 2 S 2 and Fe 4 S 4 subclusters -can undergo charge-transfer events of functional importance as a result of modifications in the second coordination sphere of the iron atoms.
[FeFe]-hydrogenases, as well as many other metalloenzymes, contain more than one Fe-S cluster of functional relevance, each possibly showing antiferromagnetic coupling and peculiar redox properties. In this regard, the increase of computational power available for quantum chemical calculations allows for extended investigations of the electronic structure of metalloproteins, as it is now feasible to include several Fe-S assemblies in a single QM calculation. Such an approach, which can in principle lead to a detailed quantumchemical picture of the entire electron-transfer chain within a protein, presents several challenging points.
First of all, the inclusion of one or more Fe 4 S 4 clusters in a protein matrix leads to the fact that the various possible BS spin-localizations pattern are non-equivalent, as they can undergo different polarization effects by the environment leading to different energies, spin populations and atomic charges. Moreover, the enlargement of the QM region to include several clusters obviously leads to the necessity of fine-tuning the level of theory used; in particular, the dimension of the basis used for the calculations has to be chosen with care, in order to be able to obtain reliable results at the lowest possible computational cost.
Scheme 1.
In view of these considerations, we have carried out a hybrid quantum mechanical/molecular mechanical (QM/MM) study of an enzyme by including several Fe-S clusters in the same BS representation, using a large basis of TZVP quality at the DFT level. We have considered the [FeFe]-hydrogenase from
Desulfovibrio desulfuricans (DdH), including two Fe 4 S 4 and one Fe 2 S 2 assemblies in the QM region. We have also developed a simple and rapid spin-localization technique that allows us to study all possible BS solutions for such spin coupled system. Fluctuation of the energies, Mulliken spin population and charges for the various BS solutions will be discussed, along with the effects of reducing the basis to SVP quality.
Methods

THE MODEL SYSTEM
As mentioned in the introduction section, the [FeFe]-hydrogenase from D. desulfuricans (DdH) has been used as the model system for the present investigation. This enzyme catalyzes the 2H + + 2e − à H 2 reversible reaction at high efficiency. All the calculations are based on the 1.6-Å resolution structure of the enzyme (PDB code: 1HFE), which is a heterodimer composed of a small and a large subunits. 13 The latter harbors the active site of the enzyme: the H-cluster, which is a hexanuclear complex composed of a classical ferredoxin- 
QM/MM CALCULATIONS
In the QM/MM calculations, the protein is divided into two subsystems: system 1 is treated at QM level, and it is allowed to relax. It contains the H-cluster atoms and the F-cluster. The remaining portion of the protein, together with water molecules surrounding it are included in system 2, is treated at MM level. The total energy is calculated as:
In eq. (1), E QM1 is the QM energy of the quantum system, truncated by hydrogen atoms (vide infra), including all the electrostatic interactions with the MM system 2. E MM1 is the classical, molecular mechanical energy of system 1; in E MM1 , system 1 is still truncated by hydrogen atoms, while the electrostatic contributions are not taken into account. Finally, E MM12 is the MM energy of system 1 + system 2. In both E MM12 and E MM1 , the charges of the QM system are zeroed, to avoid double-counting of the electrostatic interactions between systems 1 and 2.
However, before starting any QM/MM optimization, it is necessary to add the hydrogen atoms that are not detected by means of X-ray investigation of protein crystals. After having added the hydrogen atoms to the crystal, the protein was solvated in a sphere of water molecules with a radius of 48 Å, with the Amber tleap routine. In order to optimize the positions of hydrogen atoms and solvent water molecules, a 90-ps simulated-annealing molecular dynamics calculation was carried out, followed by 10000 steps of conjugategradient energy minimization. All the non-hydrogen atoms in the protein were kept at the crystallographic position, in keeping with the our previous QM/MM studies of [FeFe]-hydrogenases. 21, 22 QM/MM optimizations with a relaxed MM system were described in ref. 21 29 in conjunction with the resolution-of-the-identity (RI) technique. 30, 31 The antiferromagnetic coupling that characterizes the Fe 4 S 4 assemblies included in the QM region of the QM/MM model was treated by means of the broken-symmetry (BS) approach. 5, 6 Details on the BS scheme used and on the approach to obtain the BS wavefunctions are described in the Results section.
In practice, apart from system 1 -which is represented by a wavefunction during the QM/MM geometry optimizations -each atom is represented by a partial point charge. All such MM charges are included in the Hamiltonian of the QM calculations, and thus the quantum chemical system is polarized by the charges of system 2 in a self-consistent way. When the quantum and classical regions are connected by a chemical bond, the hydrogen link-atom approach is applied, 32 i.e. the QM system is truncated with hydrogen atoms, the positions of which are linearly related to the corresponding carbon atoms in the protein.
As for the composition of the QM region in our systems, in model 1, the QM system (region 1) includes the iron and sulfide ions of the Fe 6 S 6 H-cluster and of the Fe 4 S 4 F-cluster, the DTMA ligand bridging Fe d and Fe p (see Scheme 2), three CO groups, two CN -ligands, and eight CH 3 S -groups that represent the Cys residues connecting the H-cluster and the F-cluster to the rest of the enzyme large subunit (Cys179, Cys234, Cys378, Cys382, and Cys 45, Cys66, Cys69, Cys76, respectively); the total number of atoms in the QM system is 78 in this case.
In order to evaluate whether the energy variations among different BS states in model 1 are additive, we have also considered two additional models, characterized by the presence of only the H-cluster or only the Fcluster in the QM region. Thus, the QM system of model 2 includes only the H-cluster as defined in Scheme 2, which means that Cys 179, Cys 234, Cys 378 and Cys 382 side chains were included in the QM region as well, giving 50 atoms in the QM system (see Figures 1 and 3) . In model 3, the QM system includes only the sulfide and iron ions of the F-cluster, together with the side chains of the coordinating Cys residues (Cys 45, Cys66, Cys69, Cys76).
Notice that, in all models, the F'-cluster was treated at MM level (i.e. it was included in system 2).
Moreover, in model 2, the F-cluster was included in system 2 as well, whereas in model 3, the H-cluster was included in the MM region together with the F'-cluster. The inclusion of one or more of the three Fe-S clusters in the MM region implies that their atoms were represented by point charges, that were computed using the Merz-Kollman electrostatic potential (ESP) approach. 33 These charges were obtained from QM calculations at the BP86-RI/TZVP level on truncated models of the H-cluster, the F-cluster or the F'-cluster.
Results
As mentioned in the introduction section, the broken-symmetry (BS) treatment of the QM system in our QM/MM models accounts for the non-equivalency of the iron atoms in the Fe 4 S 4 assemblies. Brunold et al. 34 noted that already in the case of the isolated H-cluster, six different possible BS spin topologies can be defined. In this study, the inclusion of a further Fe 4 S 4 cluster in the QM system leads to the situation that each of the six spin configurations of the H-cluster can be coupled with six possible spin configurations of the F-cluster, thus leading to 36 different BS wavefunctions.
Previous studies on the isolated H-cluster 11, 35 and on QM/MM models in which the QM portion was limited to the H-cluster and a neighboring cysteine sidechain 21 showed that the energy difference among different BS spin states is small, never exceeding 10 kJ mol In the case of QM or QM/MM models of the H-cluster, it is commonly found that open-shell SCF calculations at low spin multiplicity directly give one of the possible BS solutions. In other words, there is no need for dedicated spin-localization approaches to obtain at least one of the six BS wavefunction. The same was observed here also for the extended H-cluster + F-cluster QM region. The BS spin pattern thus obtained, which is schematically represented in Figure 2 (model 1), was then used for the generation of the other 35 possible BS solutions, by means of the fast approach that will be described in the following. Table 1 ). Moreover, the order of the states is different and the optimized [ααββ]-{αββα} state is now predicted to be most stable. This shows that it is mandatory to optimize the geometries to decide the relative energies of the various states. The 25 kJ mol -1 energy variation among optimized models turned out to be additive; In fact, the energy variation among the possible BS solutions of geometry-optimized QM/MM models that include either the H-cluster or the F-cluster in the QM region is 14 and 12 kJ mol -1 , respectively (models 2 and 3, see Tables 2 and 3 , and Figure 3 ).
II
The variation of energies among the various spin couplings for model 1 is associated with differences in computed spin populations and charges that usually are negligible. In fact, the Mulliken charges of the Notably, they turned out to be consistent with the charges and spin populations of model 1 ( However, in all cases the overall spin population for the H-cluster is always less than 0.28 a.u., a result consistent with the diamagnetic state experimentally observed for the H-cluster in H red .
Finally, we evaluated the effects of using a basis set smaller than TZVP, in terms of computed charges and Computed charges and Mulliken spin populations are reported in Table 4 . It can be seen that, in all three cases, the smaller SVP basis leads to computed Mulliken charges and spin populations that never differ more than 0.03 e from those obtained with the TZVP basis set. 21 and Tables 2-3 ), the present result shows that the variation in energy values among QM/MM optimized models having different BS spin configurations roughly doubles when one adds a Fe 4 S 4 complex to the QM portion (as expected if the energies are additive).
Our results also shows that it is mandatory to optimize the geometry of each BS state to obtain comparable energies.
Notably, small variations in the computed Mulliken charges were observed among the various BS states.
This shows that, for the discussion of Mulliken charges, the choice of using a single BS spin configuration is well grounded not only in the case of small QM regions, 12, 21, 35 but also in the case of a larger and more complex QM system including multiple Fe-S clusters. As far as Mulliken spin populations are concerned, slightly larger variations among the various BS states were observed, thus suggesting that more caution is needed for the discussion of this property in models featuring an extended BS treatment. deviations of computed charges, spin populations and structural parameters were detected as a result of reducing the basis set extension from the triple-ζ valence polarized case to the split valence polarized one.
This and the previous results will serve for the fine-tuning of the level of theory to be used for the characterization of electronic properties in large biological electron-transfer chains.
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